Stacks of a few intrinsic tunnel junctions were micro-fabricated on the surface of Bi 2 Sr 2 CaCu 2 O 8+δ single crystals. The number of junctions in a stack was tailored by progressively increasing the height of the stack by ion-beam etching, while its tunneling characteristics were measured in-situ in a vacuum chamber for temperatures down to ∼13 K. Using this in-situ etching/measurements technique in a single piece of crystal, we systematically excluded any spurious effects arising from variations in the junction parameters and made clear analysis on the following properties of the surface and inner conducting planes. First, the tunneling resistance and the current-voltage curves are scaled by the surface junction resistance. Second, we confirm that the reduction in both the gap and the superconducting transition temperature of the surface conducting plane in contact with a normal metal is not caused by the variation in the doping level, but is caused by the proximity contact.
I. INTRODUCTION
Recently both superconducting and normal-state tunneling characteristics of junctions intrinsically formed in crystals of extremely anisotropic high-T c materials such as Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) and Tl 2 Ba 2 Ca 2 Cu 3 O 10+δ (Tl-2223) have attracted much research attention. Previous experimental investigations by many groups have revealed that the superconducting order parameter in the crystals is periodically modulated along the c-axis and the interlayer coupling at low-enough temperatures has a Josephson nature.
Existence of such naturally formed intrinsic Josephson junctions has been directly confirmed by c-axis tunneling measurements, using small-sized stacks or mesa structures on the surface of single crystals, including current-voltage (IV ) characteristics, 2-12 temperature or magnetic-field dependence of the critical current, [13] [14] [15] [16] [17] [18] dynamics of Josephson vortices, [19] [20] [21] [22] [23] microwave responses, [24] [25] [26] and the Josephson microwave emission.
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Electron tunneling spectroscopy has been conceived as one of the most powerful means to determine superconducting gap and its anisotropy. [30] [31] [32] [33] [34] [35] [36] Compared to other spectroscopic techniques, [37] [38] [39] electron tunneling spectroscopy has a very high energy resolution of the electronic structure near the Fermi level E F . Tunneling spectroscopy and its interpretation on high-T c materials using conventional techniques such as scanning tunneling spectroscopy, however, have often been controversial, due to problems of poor surface characterizations mainly arising from an extremely short coherence length and uncertainty in the transverse momentum direction of the particles upon tunneling via a small tip. 32 , 33 These problems have been conveniently circumvented by a tunneling study using intrinsic junctions (IJs) in high-T c materials. Especially, tunneling measurements on a small-sized stack, including only a few intrinsic junctions, provide valuable information on the nature of the inherent superconducting gap and the pairing mechanism of unusual symmetry in the materials.
It is unsettled yet, however, whether the individual junctions in a stack behave independently or are correlated with each other. Junctions in a stack could be inductively coupled by supercurrents flowing on thin conducting planes 19, 42 or coupled by charging of thin conducting planes by tenneling electrons. 43 Thus the plasma oscillations excited in a stack of intrinsic junctions, for example, show collective modes. 2, 25 However, some previous studies indicate the opposite may be true. For dc bias current applied along the c-axis, coupling between adjacent junctions is small enough so that each junction can be assumed to be independent. 5, 9 Correlated junction behavior would affect the usefulness of a stack for device applications. For instance, correlated junction behavior is useful for high-frequency oscillator applications but detrimental to voltage standards applications. 25 Thus, the issue of correlation of the tunneling characteristics of intrinsic junctions still remains of prime concern from both academic and device-application points of view.
Tunneling spectroscopy on the surface of high-T c materials is widely used to probe the nature of order-parameter symmetry, mostly using hybrid junctions consisting of conventional and high-T c superconducting electrodes. 29, 44 In this case, it is utterly important to make sure that the superconducting properties of the surface layer, such as the transition temperature, the gap value, and its order-parameter symmetry, do not deviate from those of inherent bulk properties. 45 Recently, surface-sensitive spectroscopy such as anlgeresolved photoemission spectroscopy, 38 scanning tunneling spectroscopy, 34, 35 break-junction tunneling, 36 and intrinsic-junction tunneling, 28, 40, 41 is increasingly used to investigate the in-plane normal-state conducting state of high-T c materials i.e., the existence and nature of the pseudogap, especially as varying the doping level. Since the size of the pseudogap is known to be sensitive to the doping level in the underdoped regime, [34] [35] [36] any possible significant oxygen deficiency in the surface layer would lead to a very serious misinterpretation of the intrinsic bulk properties of the conducting planes. Additionally, our previous study 11 indicates that depositing noble-metal film such as Au on the surface of high-T c materials, often used for surface protection for electron conduction measurements, causes a suppression of the surface layer's superconductivity by its proximity contact to normal metal. In this respect, it is of prime importance to probe any variation in the doping level of the surface layer from that of the inner layers with intrinsic bulk properties.
Most studies on the intrinsic tunneling effect in high-T c superconductors, both in super-conducting and normal states, have been done to date by fabricating a small elevated stack structure (with the cross-sectional area usually of a few hundreds µm 2 ) on the surface of single crystals with a few IJs in it. The number of the junctions in a stack is varied by changing the height of the stack during the fabrication process using ion-beam etching or chemical wet etching. In this way, however, accurate tailoring of the number of junctions is a difficult task. To get deeper understanding of the interlayer coupling characteristics of an individual intrinsic junction as well as the conducting properties in a plane, both in superconducting and normal states, careful in-situ control of the number of IJs in a stack is required while monitoring their tunneling characteristics.
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In this report, we first examine the possibility of any significant variation of the doping level in the surface layer of high-T c single crystals in contact with normal metals, along with a change in the superconducting properties. We then discuss the physical implication of the scaling of tunneling resistance and the IV curves with respect to surface junction resistance.
We also examine whether the main feature of a junction is influenced by the presence of other junctions in a stack. To that end, we focus on the evolution of the tunneling characteristics This study directly confirms our previous finding that a weak junction (WJ) forms at the surface of a Bi-2212 stack 11 which is in contact with a normal-metal electrode. The in-situ etching/measurements technique confirms that the suppression of the gap and the transition temperature in the surface layer of a stack does not result from the change in the doping level or from the proximity-induced weak superconductivity in the Bi-O layer 5, 6 which may be surfaced. Rather, the suppression results presumably from the proximity contact of the surface layer with d x 2 −y 2 symmetry to the Au normal metal. This study also convincingly demonstrates that the individual junction is little influenced by the presence of other junctions in a stack in a low bias region. As to the cause of development of negative dynamic resistance in the high-bias region of the IV curves with increasing number of junctions in a stack, we find that the Joule heating effect, not the nonequilibrium, can be a good candidate for that cause.
II. EXPERIMENTS
Bi-2212 crystals were grown from a melt using alumina crucibles, details of which are described elsewhere. 46 Pieces of single-crystal platelets with typical size ∼ 0.8 × 0.4 × 0.03 mm 3 were selected from a mass of the cooled melt. A platelet was glued onto a sapphire substrate by negative photoresist, then hard-baked. An optically smooth surface was prepared by cleaving a platelet of single crystal using Scotch tape. Right after cleaving, 1000-Å-thick Au film was deposited on the surface of the Bi-2212 crystals to protect the surface from any contamination during stack-fabrication processes.
We then patterned a large 'base mesa' of size ∼ 450 × 15 × 1 µm 3 on the crystal surface, using standard photolithography and Ar-ion-beam etching, with beam voltage and current density V beam = 300 V and I beam = 0.8 mA/cm 2 , respectively. Any residue of burnedout photoresist on the crystal surface was stripped off by oxygen-plasma etching. Then a patterned layer of photoresist was placed around the base mesa and hard-baked to insulate the region, excluding the top surface of the base mesa. A thick Au film (∼ 8000Å) was deposited, 47 and connection pads from the base mesa were patterned and ion-beam etched.
Thereafter, the electric pads of Au (totally ∼ 9000Å) crossing the base mesa acted as masks for the small stacks in the further in-situ etching process. In this stage, a thin (less than 300
A in nominal thickness) Au film was intentionally left on the top surface of the base mesa between the pads to prevent the inadvertent premature formation of small stack structures.
The remaining Au film would be removed during the next in-situ measurement process with controlled ion-beam etching. Figure 1 illustrates the optical photograph of a specimen after completing the whole processes prior to the in-situ etching.
For in-situ monitoring of the tunneling characteristics of a small stack, the specimen was loaded into an ultra-high-vacuum chamber equipped with a liquid-helium cooling pot as well as an ion-beam etching system. Ion-beam etching and cryogenic measurements could be repeated without breaking the vacuum. The remnant 300-Å-thick Au film and Bi-2212 crystal underneath were further etched, while forming four small stacks on the base mesa.
The junction size was defined by the width (∼ 15 µm) of the base mesa and (∼ 12 µm) of the electrical pads overlaid perpendicularly to the length of the base mesa. In this etching stage we used sufficiently low ion-beam voltage (V beam = 100 V) and current density (I beam = 0.16 mA/cm 2 ) to enhance the controllability of the etching rate. The height of a small stack was controlled by the total etching time t e . In every 1-2 min etching, the chamber was pumped out and a stack was characterized in a three-probe-measurement configuration [see the inset in Fig. 2(b) ]. The R c (T ) was measured using a dc method with a constant bias current of 10 µA. To reduce the effect of external noise, low-pass filters were connected to the voltage and the current leads. A recent report 29 indicates that, using the similar cleaving technique on Bi-2212 crystals, step structures with a height of one half unit cell usually forms in the samples in an area of 30 × 30 µm 2 . We did not observe any evidence for the existence of a step in our tunneling results. In this study, we took measurements for three different stacks, all showing similar features. We present a typical set of data obtained from one of the specimens.
III. RESULTS AND DISCUSSION

A. R c (T ) Curves
Progressive evolution of R c (T ) by increasing the in-situ etching time t e up to 30 min is presented in Fig. 2(a) . Increment of the number of junctions in the stack with increasing The finite value of R c found in the stack in Region II is known to be always present in a three-terminal measurement. 3, 5, 11, 17, 26 Since the IJs in the stack below T c should be in zero-resistance state for a low bias current, the finite R c at temperatures in Region II in this three-terminal configuration is attributed to the surf ace weak junction (WJ) consisting of the topmost Cu-O bilayer in the normal state, and the adjacent inner Cu-O bilayer in the superconducting state. 11 In other words, the surface Cu-O bilayer underneath the normalmetal electrode has a suppressed transition temperature, which is essentially T 
where 
where N denotes the inner Cu-O bilayer in its normal state, m the total number of IJs (note that m = n − 1), and R N ′ IN (R N IN ) stands for the quasiparticle tunneling resistance of each
From Eqs. (1) and (2) we note that In Fig. 4(a) , for t e = 6.5 min, one sees four branches develop. As the bias current is increased voltage jumps to an adjacent higher-voltage branch at the critical current of each branch. Development of this more normal behavior of a stack indicates that the regular stack structure started forming at t e = 6.5 min. Even in this case, the critical current I c effect. We infer that it arises from the increase in the junction resistance R ′ n and R n due to shrinking of the junction area with increasing t e .
In Figure 6 , we replotted the first low-bias branch of IV curve for t e = 6.5 min which was already shown in Fig. 4(a) and the first three low-bias branches of 6 sets of IV curves corresponding to the etching times from 10 min to 30 min. We also plotted the anomalous branches of IV curves for t e = 3 and 5 min. To eliminate the variation of the junction resistance with t e , the current axis in each IV curve was rescaled by multiplying R c (T c ) obtained from Fig. 2(a) . One first notices that in this rescaled plot, with increasing t e up to 6.5 min, the over-all distribution of branches gradually shifts to higher voltages, and the first branch of t e = 6.5 min almost coincides with the first stable branch for t e = 10 min or longer. The sequence of the branch development indicates that the first stable branch arises from the surface WJ in D ′ ID configuration, and the second and third branches from the inner IJs, both in DID configuration.
If we assume that the D ′ ID (DID) junction has the same junction resistance R ′ n (R n ) as the N ′ ID (NIN) junction, we can rewrite the IV relation for the WJ and IJs as follows.
in which ∆ ′ is the temperature-dependent suppressed energy gap of the surface layer. Both R ′ n and R n contain the possible variation of the junction area with etching times. Eqs. (4) and (5) Fig. 7(a) we plot R n determined from a fit of the second branch to Eq.(5) for different etching times of t e = 10 − 30 min. We also plotted R c (T c ) obtained directly from Fig. 2(a) 
IV. CONCLUSIONS
In this study, we focused on the evolution of the tunneling characteristics for stacks con- We believe this is consistent with our claim of the proximity-induced suppression of the gap on the surface layer in our specimen. Although currently no theory is available to allow any quantitative confirmation of our claim, this study apparently strengthens our previous arguments.
Recently there have been tunneling spectroscopic studies on the nature of orderparameter symmetry of YBCO-123 and Bi-2212 superconducting materials by employing high-T c superconductor/normal metal/conventional s-wave superconductor hybrid junctions. 29, 44 Studies have reported the existence of significant and finite s-wave components for YBCO-123 and Bi-2212 superconducting materials, respectively. Our study indicates that in tunneling spectroscopy using the above-mentioned hybrid junctions one should be concerned about the change in the superconducting state at the crystal surface, not by the oxygen deficiency as one might easily assume, but by the contact of d x 2 −y 2 -wave surface layers with a normal layer in a junction. On the other hand, STM tunneling spectroscopy may be more affected by the oxygen deficiency at the surface.
The variation of the junction area along with continuous etching, in fact, acts as a dis-advantage in studying the inherent tunneling properties in the system. Ironically, however, this can be advantageous as in this study, because as illustrated both in Fig. 2 and in Fig. 6 , we were able to be convinced that, once the data are normalized by proper area-dependent parameters like junction resistance, the junctions in any etching stage exhibit no discernible variation in their properties, regardless of the number of junctions contained. This leads us to the conclusion that not much correlation effect is present among the IJs. Material parameters such as ∆ ′ 0 and ∆ 0 do not change in the whole in-situ etching/measurements process, which thus gives stronger conviction of the scaling behavior in our R c (T ) and IV data as discussed above.
The in-situ technique is also extremely useful to study the so-called back-bending effect.
It convinces one that the effect develops by increasing the number of junctions contained in a single piece of crystal, which in turn allows us to draw a power-dissipation line. Comparing the back-bending feature in the IV branches from different crystals in terms of power dissipation would be less meaningful. This technique is expected to provide powerful means to examine both the interlayer coupling properties in the superconducting state and the in-plane conducting nature in the normal state.
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